During clathrin-mediated endocytosis in eukaryotes, actin assembly is required to overcome large membrane tension and turgor pressure. However, the molecular mechanisms that enable the actin machinery to adapt to varying membrane tension remain unclear. Here, we used quantitative microscopy to determine that, upon increased membrane tension, the endocytic machinery of fission yeast cells rapidly adapts by assembling larger amounts of actin. We also demonstrate that cells rapidly reduce their membrane tension using three parallel mechanisms. In addition to the mechanical protection of their cell wall, yeast cells' eisosomes regulate moderate changes in membrane tension on a minute time scale. Meanwhile, a temporary reduction of the number of endocytic events for 2 to 6 minutes allows cells to add large pools of membrane to the plasma membrane. Our study sheds light on the tight connection between membrane tension regulation and endocytosis in yeast, which are likely conserved among eukaryotes.
Introduction
During clathrin-mediated-endocytosis (CME), the cell plasma membrane undergoes a dramatic change in topology to form an invagination that is subsequently pinched off into a vesicle. During this process, the endocytic machinery has to overcome the forces produced by membrane tension and the osmotic pressure that oppose membrane deformation and engulfment. In yeast, these resisting forces are particularly large because their internal turgor pressure is high, ranging from ~0.6 MPa for Saccharomyces cerevisiae to ~1 MPa for Schizosaccharomyces pombe 1, 2 . Consequently the formation of a vesicle requires several thousands of pN 3 .
Previous studies have shown that actin dynamics are required for productive endocytosis in yeast [4] [5] [6] [7] and in mammalians cells when membrane tension is high [8] [9] [10] , or when membrane scission proteins are absent 11 . Actin assembly at the endocytic site is believed to provide the forces that overcome turgor pressure and membrane tension to deform the plasma membrane, but the precise mechanisms of force production remain unknown. We also lack a quantitative understanding of the regulation of actin dynamics in response to membrane tension and turgor pressure changes. We expect that a better quantitative characterization of this response will allow us to infer the molecular mechanisms of force production and force sensing during clathrin-mediated endocytosis.
In this study, we applied hypotonic shocks to fission yeast cells to determine how the actin machinery responds to increased membrane tension and turgor pressure during clathrin-mediated endocytosis. After a hypotonic shock, the difference in osmolarity inside and outside the cell instantaneously increases the turgor pressure and the membrane tension. Since cell membranes are virtually unstretchable, yeast cells must adapt their membrane tension while they let water flow inward to equilibrate their cytosol osmolarity to the new environement [12] [13] [14] .
The mechanisms by which membrane tension is regulated are not fully understood. The yeast cell wall is believed to buffer abrupt changes in turgor pressure thanks to its high stiffness of ~50 MPa 15 . In addition, similarly to mammalian cells' caveolae which change shape or disassemble in response to increased membrane tension, yeast eisosomes can also disassemble when cells without a cell wall, called protoplasts, are placed in low osmolarity media 16, 17 . However, it remains unknown how eisosomes may regulate plasma membrane tension in intact cells, and whether eisosome disassembly directly influences cellular processes such as CME.
Fission yeast is an ideal model system to quantitatively study the regulation mechanisms of membrane tension and its influence on the endocytic machinery. First, because yeast turgor pressure is high, actin is required for CME. Secondly, contrary to mammalian cells, yeast cells are devoid of any adhesion machinery or actin cortex, which usually complicates membrane tension manipulation and result interpretation. Last, quantitative microscopy methods developed in fission yeast are able to uncover fine regulations of the endocytic machinery 18, 19 .
To probe the contribution of each possible mechanisms of membrane tension regulation and their influence on CME, we submitted yeast cells with or without a cell wall to different hypotonic shocks. Using quantitative fluorescence microscopy, we showed that, on the one hand, actin assembly adapts to increased membrane tension to allow endocytosis to proceed, and, on the other hand, yeast cells rapidly reduce their membrane tension by a) disassembling eisosomes and b) regulating the number of endocytic events that are performed at a given time.
Results

Clathrin-mediated endocytosis in wild-type walled cells is robust over a wide range of chronic and acute changes in media osmolarity
To monitor actin dynamics during clathrin-mediated endocytosis, we imaged fission yeast cells expressing the actin filament crosslinking protein fimbrin (Fim1p) tagged with a monomeric enhanced green fluorescent protein (mEGFP), hereafter called Fim1p-mEGFP ( Figure 1A, 1B and 1C) . We optimized our imaging protocols, and improved tracking tools and temporal super-resolution alignment methods 18 to a) easily collect hundreds of endocytic events in an unbiased manner and b) achieve high reproducibility between different samples, fields of view and days of experiment ( Figure  1D, 1E ). These improvements in our quantitative microscopy protocol allow us to detect small differences between mutants or conditions that would be missed with previous methods. We confirmed that Fim1p accumulates to endocytic sites for about 10 seconds, then disassembles while the vesicle diffuses away from the plasma membrane ( Figure 1D , 1E) 20, 21 . As a convention, the peak of Fim1p is set to time 0 s and corresponds to vesicle scission in intact wild-type cells. In the rest of the paper, intact cells with a cell wall will be referred to as "walled cells", and cells devoid of a cell wall will be referred to as "protoplasts".
We aimed to increase the tension of cells' plasma membrane by rapidly reducing media osmolarity, referred to as acute hypotonic shock. To prevent artifacts due to nutrient concentration changes, we supplemented Edinburgh Minimum Media (EMM5S) with varying sorbitol concentrations (0 to 1.2 M). Before performing hypotonic shocks, we exposed cells to this media for more than 15 minutes. In the rest of the paper, we will refer to this experimental condition as steady state at X M or chronic exposure to X M sorbitol, where X is the sorbitol concentration. To perform acute hypotonic shocks, we used a microfluidic system to rapidly exchange the steady state media with media containing a lower sorbitol concentration, hereafter noted ΔP=-Y M where Y is the difference in media osmolarity (note that the pressure * in Pascal is related to in Molar as * = • ~2.45 • 10 6 • , where is the gas constant and the absolute temperature) (Figure 2A ). For all tested osmolarities at steady state in walled wild-type cells, we observed no significant differences in the dynamics of fimbrin recruitment or disassembly, maximum molecule number or endocytic patch movements ( Figure 2B ). Our results indicate that wild-type walled cells have adaptation mechanisms for chronic exposure to a wide range of osmolarities, which allows them to perform CME in a highly reproducible manner.
We then tested the robustness of the endocytic actin machinery when cells experienced a hypotonic shock, which aimed to abruptly increase the tension of their plasma membrane. To observe the highest possible effect, we imaged cells grown at steady state in 1.2 M sorbitol and rapidly exchanged the media with a buffer free of sorbitol (Figure 2A and 2E) , therefore performing an acute hypotonic shock of ΔP=-1.2 M. Despite the high hypotonic shock, which represents a ~3 MPa drop in pressure, CME proceeded quite similarly to steady state conditions ( Figure 2C, 2D and 2E ). The maximum number of fimbrin proteins was the same before and after the hypotonic shock, but fimbrin assembly and disassembly were 15% faster after the shock. This difference in timing decreased over time to reach respectively 13% and 11% after 6 and 8 minutes, showing that the adaptation to steady state was not fully completed ( Figure 2E ).
Eisosomes mitigate the response of the endocytic machinery to acute and chronic changes in media osmolarity
The robustness of the endocytic process under a wide range of chronic and acute exposure to different media osmolarity suggests that fission yeast has mechanisms that rapidly regulate plasma membrane tension. Previous studies proposed that eisosomes, furrows at the inner surface of the plasma membrane, have a mechanoprotective role under increased membrane tension in fungi, similar to the protective role of caveolae in endothelial cells 16, 17, [22] [23] [24] . Because loss of Pil1p, the core eisosome component, is sufficient to prevent eisosome assembly [25] [26] [27] , we repeated our experiments in cells lacking the gene coding for Pil1p (pil1∆) (Figure 3) .
Dynamics of Fim1p during CME for wild-type and pil1∆ walled cells at steady state in media free of sorbitol were identical (Supplemental Figure S1) . However, at steady state in media with high sorbitol concentration, cells lacking eisosomes recruited slightly fewer fimbrin molecules to endocytic patches than wild-type cells ( Figure 3A and B). The maximum number of Fim1p assembled at CME sites in pil1∆ cells in buffer containing 0.8 M and 1.2 M sorbitol was 10% and 17% lower, respectively. Within the first two minutes of an acute hypotonic shock from 1.2 M sorbitol to 0 M (ΔP=-1.2 M), the maximum number of Fim1p increased by 30%, while its timing was shortened by 30% compared to steady-state ( Figure 3C & 3D) . Four minutes after the hypotonic shock, the dynamics of fimbrin stabilized to its steady state dynamics in 0 M sorbitol ( Figure 3B & 3D) . Overall, our data show that cells lacking eisosomes are more sensitive than wild-type cells to acute and chronic changes in media osmolarity.
Eisosomes participate in the regulation of protoplasts' membrane tension during hypotonic shocks
The yeast cell wall plays a role in the maintenance of cell integrity under extreme conditions, thanks to its high stiffness of ~50 MPa 15 . We hypothesized that the cell wall prevents large variations in membrane tension under hypotonic shocks, which would explain why endocytosis in wild-type walled cells remains virtually unchanged in the extreme conditions we tested ( Figure 2E ). Hence, to exclude the effect of the cell wall, we reiterated our experiments using protoplasts instead of intact cells.
First, we characterized how the removal of the cell wall affects eisosomes' reorganization and CME. We used a preparation protocol that allowed us to manipulate protoplasts for up to ~1 hour after their formation, since they remain void of cell wall for about 3 hours 28 . Because protoplasts are more fragile than walled cells, they were prepared in media containing 0.25 to 1.2 M sorbitol to balance turgor pressure and prevent cells from bursting 5, 17, 29 , and were imaged ~15 minutes later, once they reached steady state.
Our data show that endocytic patches and eisosomes in protoplasts at steady state in 1.2 M sorbitol are qualitatively similar to those in walled cells ( Figure 4A ). However, the surface area of the protoplasts' plasma membrane covered by eisosomes decreased with decreasing media osmolarity at steady state ( Figure 4B and 4C), and correlated with increasing cell volume. This result suggests that eisosomes might be disassembled to reduce membrane tension in media with low osmolarity.
To test whether membrane tension is indeed buffered by eisosomes, we measured membrane tension using a micropipette aspiration assay ( Figure 4D ). At steady state in 0.8 M sorbitol, the membrane tension was 4.5±1.4 10 -4 nN·µm -1 for wild-type protoplasts and 3.9±1.3 10 -4 nN·µm -1 for pil1Δ protoplasts ( Figure 4E ). We then reproduced these measurements within 5 minutes after inducing a hypotonic shock of ΔP=-0.2 M. We observed a 1.6-fold increase in membrane tension for wild-type protoplasts (7.3±2.1 10 -4 nN·µm -1 ) and a 4.5-fold increase for protoplasts lacking eisosomes (17.4±6.1 10 -4 nN·µm -1 ). This result demonstrates that eisosomes participate in the adjustment of cell membrane tension.
CME in protoplasts is sensitive to chronic changes in osmolarity
Endocytosis in wild-type protoplasts at steady state in medium containing 0.4 or 0.8 M sorbitol was able to proceed normally by recruiting almost the same number of fimbrin molecules as in walled cells, but with a slightly longer timing ( Figure 4F ). In contrast, in medium with 1.2 M sorbitol, the timing of fimbrin recruitment was dramatically longer, and endocytosis failed to proceed normally, as reported by the virtually null speed of patches during the entire time fimbrin is present at the endocytic site ( Figure 4F ). Cells lacking eisosomes showed very similar phenotypes but endocytosis started failing at 0.8 M sorbitol ( Figure 4G ).
At 0.25 M sorbitol, both wild-type and pil1Δ protoplasts were able to perform endocytosis but required a larger amount of Fim1p ( Figure 4F and 4G). In these conditions, the eisosomes covered only half of the plasma membrane surface area they cover at 0.4M sorbitol ( Figure 4B and C) and our data suggest the plasma membrane was highly stretched ( Figure 4E ). This result indicates that during CME the actin machinery is able to adapt to mechanical cues by mechanisms that are independent of the cell wall.
For both wild-type and pil1Δ protoplasts in 0.4 M sorbitol, the temporal evolution of the number of fimbrin molecules and the speed of patches were close to the same metrics measured in walled cells in media without sorbitol ( Figure 4F and 4G). These results suggest that the osmotic pressure at these concentrations, which are equivalent to a pressure of 1 MPa, is close to the naturally maintained turgor pressure of walled fission yeast cells, in good agreement with previous measurements 2 . Therefore, to keep our protoplasts in conditions as close to walled cells as possible, the steady state media used in our following experiments on protoplasts contained 0.4 M sorbitol.
In protoplasts, eisosomes buffer moderate hypotonic shocks, and the endocytic actin machinery rapidly adapts to increases in membrane tension
To characterize the adaptation of the endocytic actin machinery to a rapid increase in turgor pressure and membrane tension, we repeated our acute hypotonic shocks (ΔP=-0.05 M, -0.1 M or -0.2 M) on protoplasts initially at steady state in media containing 0.4 M sorbitol. After low (ΔP=-0.05 M) and medium (ΔP=-0.1 M) acute shocks in wild-type protoplasts, we did not observe any stalled endocytic eventswhen cells started the recruitment of the actin machinery, endocytosis proceeded to successful completion ( Figure 5A , 5B and Supplemental Figure S2A ). The recruitment of fimbrin did not significantly change over time. In contrast, two minutes after a ΔP=-0.2 M shock, endocytic sites recruited 20% more fimbrin and took 23% more time to perform endocytosis ( Figure 5C , 5D, and Supplemental Figure S2A ). The actin machinery recovered its steady state behavior less than 4 minutes after the shock ( Figure 5D ).
We repeated these experiments with pil1Δ protoplasts to eliminate the role of eisosomes in the reduction of membrane tension during hypotonic shocks. Immediately (0 minutes) after the lowest hypotonic shock tested (ΔP=-0.05 M), fimbrin recruitment took slightly longer and the number of proteins recruited was higher than at steady state ( Figure 5E , 5F and 5G, Supplemental Figure S2B ). While fimbrin recovered its steady-state dynamics in less than 4 minutes after high acute hypotonic shock (ΔP=-0.2 M) in wild-type protoplasts ( Figure 5D ), recovery of fimbrin dynamics to its steady state behavior in pil1Δ protoplasts occurred over 10 minutes, even for the most modest hypotonic shock, ΔP=-0.05 M ( Figure 5G ). The changes in fimbrin dynamics in pil1Δ protoplasts became increasingly larger for ΔP=-0.1 M and ΔP=-0.2 M hypotonic shocks -endocytic sites assembled a peak number of fimbrin respectively 24% and 48% larger and took 85% and 53% longer. In addition, most cells were unable to survive more than two minutes after these high hypotonic shocks (Supplemental Figure S3) , which prevented us from determining how the actin machinery recovers after large hypotonic shocks in pil1Δ protoplasts.
Given that wild-type protoplasts at steady state in 0.25 M sorbitol contain significantly fewer assembled eisosomes despite expressing normal amounts of Pil1p ( Figure 4B and 4C) , we took advantage of this condition to further test the role of eisosomes in buffering membrane tension during an acute hypotonic shock and to distinguish the role of eisosomes from the role of unassembled Pil1p proteins. We submitted wild-type protoplasts at steady state in 0.25 M sorbitol to an acute hypotonic shock of ΔP=-0.1 M (Figure 5H and 5I). Two minutes after the shock, endocytic sites accumulated 73% more fimbrin and took 60% longer ( Figure 5H , Supplemental Figure  S4A ). This behavior was nearly identical to fimbrin dynamics in pil1Δ protoplasts under the same conditions ( Figure 5I , Supplemental Figure S4B ). Moreover, most wild-type and pil1Δ protoplasts were unable to survive longer than 4 minutes after these high hypotonic shocks (Supplemental Figure S5 ). This result further demonstrates that the presence of assembled eisosomes at the plasma membrane is indeed responsible for the adaptation of cells to acute hypotonic shocks, and the presence of Pil1p in the cytoplasm is not sufficient for this response.
Altogether, this series of experiments demonstrates that a) eisosomes protect protoplasts from changes in their membrane tension, but only to a certain extent, b) without eisosomes, protoplasts can withstand only minor changes in their membrane tension, c) the endocytic actin machinery adapts to compensate the increase in membrane tension, and d) actin dynamics recovers its steady state dynamics within a few minutes, providing the protoplasts survive the hypotonic shock.
Membrane tension and eisosomes modulate the number of endocytic events in cells
The fast recovery of the actin machinery after an acute change in turgor pressure and membrane tension is surprising and cannot be explained by the sole release of membrane via eisosome disassembly ( Figure 5H and 5I) . We hypothesized that a decrease in the number of endocytic events happening in the cell at a given time would gradually increase the surface area of the plasma membrane, and therefore reduce membrane tension. We measured the endocytic density, i.e. the number of endocytic events in a cell normalized by the cell length, in wild-type and pil1∆ cells after a hypotonic shock using the ratiometric method developed in 19 . For all shocks tested in wild-type (ΔP=-0.05 M, -0.1 M, -0.2 M) and pil1Δ protoplasts (ΔP=-0.025 M, -0.05 M, -0.1 M) initially at steady state in 0.4 M sorbitol, the endocytic density in protoplasts significantly decreased immediately after the hypotonic shock ( Figure 6A) . The difference increased for increasing hypotonic shocks, up to 36% for wild-type protoplasts after a ΔP=-0.2 M shock, and 79% for pil1∆ protoplasts after a ΔP=-0.1 M shock ( Figure 6B ). These abrupt changes in the endocytic density were followed by a 2-to 6-minute recovery back to the steady-state endocytic density, and recovery time depended on the magnitude of the hypotonic shock. The temporal variations of the endocytic density after hypotonic shocks mirrored the changes in Fim1p dynamics in endocytic patches in similar conditions ( Figure 5C , 5D, 5F and 5G). The change in cell volume ( Figure 6A & 6B, insets) could not exclusively account for the observed decrease in the endocytic density as the volume increased faster than the change in endocytic density.
Building on these results in protoplasts, we wondered whether the endocytic density in walled cells also adapts to hypotonic shocks. Indeed, immediately after the largest shock tested (ΔP=-1.2 M), we observed a similar decrease in the endocytic density for both wild-type and pil1∆ walled cells, 36% and 46% respectively ( Figure  6C ). Recovery to steady-state endocytic densities occurred in less than 2 minutes in both wild-type and pil1∆ walled cells, faster than in protoplasts ( Figure 6A, 6B and 6C) . These results were surprising because we detected virtually no difference in the dynamics of fimbrin recruitment to endocytic sites in both strains ( Figure 2E ). Our data show that the cell wall limits but does not completely cancel the effect of hypotonic shocks. They also suggest that the regulation of the endocytic density supplements the regulation performed by the eisosomes to reduce membrane tension and enable normal actin machinery dynamics at endocytic sites.
Wild-type and pil1∆ walled cells had a very similar adaptation after hypotonic shocks. However, we noticed a difference in the endocytic density at steady state in different sorbitol concentrations. For all concentrations tested (0 to 2 M), wild-type cells maintained roughly the same endocytic density. In contrast, the steady state endocytic density in pil1∆ cells increased with increasing media osmolarity, up to 56% in 2 M sorbitol ( Figure 6D ). Our results suggest that eisosomes participate in maintaining a constant density of endocytosis independently of the media osmolarity, not only after an abrupt change in membrane tension, but also when they are at steady state in different osmolarity.
Discussion
Robustness of CME in fission yeast
Our data demonstrate that CME is able to proceed in a wide variety of conditions of osmolarities and membrane tension. Even cells devoid of a cell wall and eisosomes were able to perform endocytosis after an acute change in membrane tension, as long as their plasma membrane was not damaged and cells remained alive. Even in the most extreme conditions tested, i.e. cells devoid of a cell wall and lacking the majority of their eisosomes, the dynamics of fimbrin at endocytic sites was only two times larger than what was observed in wild-type walled cells. These results demonstrate that not only are cells able to adapt their endocytic machinery to acute changes in membrane tension but, they are also able to rapidly regulate their membrane tension.
Mechanisms of tension regulation and homeostasis of the plasma membrane
Our results demonstrate that the regulation of membrane tension is performed via a combination of three mechanisms: mechanical protection by the cell wall, disassembly of the eisosomes and temporary reduction of the rate of endocytosis. Our data indicate that all three mechanisms are used in parallel, since wild-type walled cells are less sensitive to acute hypotonic shocks than wild-type protoplasts and pil1Δ walled cells, and they experience a temporary decrease in their endocytic density for about 2 minutes after the shock. In addition, our data allow us to estimate the relative contribution of each mechanism in the regulation of membrane tension.
The cell wall provides the highest protection during chronic and acute changes in media osmolarity. Wild-type walled cells are virtually insensitive to osmotic changes, and pil1Δ walled cells are much less sensitive than pil1Δ protoplasts. Removal of the cell wall dramatically affects actin dynamics at endocytic sites and eisosome assembly at the plasma membrane ( Figure 4B , 4C, 4F and 4G). It is surprising that endocytosis in protoplasts still proceeds in media with osmolarity as low as 0.25 M, where most eisosomes are disassembled. In fact, the actin endocytic machinery can overcome membrane tensions high enough to rupture the plasma membrane.
Our results add to a growing body of evidence that eisosomes play a critical role in the regulation of membrane tension and membrane integrity through dynamic remodeling and scaffolding of the plasma membrane. Wild-type walled cells are not sensitive to chronic or acute hypotonic changes, whereas pil1Δ walled cells are. The protective role of eisosomes is even more striking in protoplasts under acute hypotonic shocks. Wild-type protoplasts whose plasma membrane is covered with eisosomes are largely insensitive to increases in membrane tension whereas protoplasts with little to no eisosomes are extremely sensitive to increases in membrane tension and their plasma membrane is easily damaged. Our micropipette aspiration experiments also demonstrate that eisosomes are critical to keep membrane tension low during an acute hypotonic shock. Therefore, our data indicate that membrane tension is decreased via the disassembly of eisosomes, through release of excess membrane surface area. Assuming eisosomes are hemi-cylinders with diameter ~50 nm and cells contain 1.6 μm of eisosomes per μm 2 of plasma membrane on average, total eisosome disassembly could release about 5% of the total surface area of the plasma membrane over ~3 minutes after a hypotonic shock 17 . Recent single-molecule imaging in our lab demonstrated that at steady state Pil1p undergoes rapid exchange at the eisosome ends 30 , potentially providing a convenient route for rapid disassembly of the BAR domain-mediated scaffold, analogous to filament depolymerization.
Our study identified a third, new mechanism to reduce membrane tension by temporarily reducing the endocytic density. Using our data and previous measurements 18 , 19 , we estimate that cells endocytose about 2% of their surface area per minute. Assuming that at steady state the surface area added to the plasma membrane via exocytosis balances the surface area that is endocytosed, a reduction of the endocytic rate while keeping the exocytic rate constant for a few minutes would allow for a net addition of surface area to the plasma membrane. For example, in pil1Δ protoplasts initially at steady state in 0.4 M sorbitol the endocytic rate is reduced by ~25 % for ~10 minutes after an acute hypotonic shock of ΔP=-0.05 M. The net surface area added over that period corresponds to a 5% increase in the protoplast surface area, while the protoplast surface area increased by ~12% over the same period. These estimates demonstrate that modulating the rate of endocytosis is an efficient way to increase the surface area of the plasma membrane by large amounts but this process is relatively slow compared to eisosome disassembly. The slowness of this process might explain why pil1Δ and pre-stretched wild-type protoplasts that have about half the normal amount of eisosomes on their surface do not survive even relatively small hypotonic shocks, being unable to provide enough membrane in a short amount of time to reduce the tension of their plasma membrane.
Molecular mechanisms driving the adaptation of the actin endocytic machinery and the rate of endocytosis under various membrane tensions
Under conditions where membrane tension and turgor pressure were significantly increased, we observed that the endocytic actin machinery took longer and assembled a larger number of fimbrin molecules to successfully produce endocytic vesicles. This effect increased with increasing membrane tension, up to tensions high enough to rupture the cell plasma membrane. This result strongly supports the idea that the actin machinery provides the force that counteracts membrane tension and turgor pressure and deforms the plasma membrane into an endocytic pit.
The precise molecular mechanism that regulates this enhanced assembly remains to be uncovered. Our data suggest that actin dynamics is controlled via a mechanical or geometrical regulation, where actin assembles until the plasma membrane is deformed and pinched off. An alternative, and non-mutually exclusive, hypothesis is that the activity and/or recruitment of proteins upstream of the actin nucleators may be enhanced by increased membrane tension. A third hypothesis is that the decrease in the number of endocytic events after an increase in membrane tension leads to an increase in the concentration of endocytic proteins in the cytoplasm, which can then enhance the reactions performed at the endocytic sites. Sirotkin et al (2010) 21 measured that 65% to 85% of the total cellular content of key proteins involved in the endocytic actin machinery are localized to endocytic sites at any time. A 20% decrease in the number of endocytic sites would increase their cytoplasmic abundance by roughly 40% to 80%. This percentage is larger than the volume changes we measured, resulting in a net increase in the cytoplasmic concentration of these proteins, which would allow larger amount of protein to assemble at the endocytic sites.
Conversely, the decreased rate of endocytic events could be attributed to the larger number of endocytic proteins assembled at each endocytic sites, which would decrease their cytoplasmic concentration. Indeed, Burke et al. 31 showed that modulating actin concentration modulates the number of endocytic sites in the same direction. However, it is more likely that one or several early endocytic proteins are sensitive to membrane tension, and either fail to bind the plasma membrane or prevent the triggering of actin assembly when membrane tension is high. This idea would be consistent with results from mammalian cells demonstrating that the proportion of stalled clathrin-coated pits increases when membrane tension increases 32 . In addition, several endocytic proteins that arrive before or concomitantly with the activators of the actin machinery contain BAR domains (such as Syp1p, Bzz1p and Cdc15p), and other members of this domain family (which also includes Pil1) have been shown to bind membranes in a tension-sensitive manner. Further quantitative study of early endocytic proteins will help uncover the validity and relative contributions of each one of these hypotheses.
We expect our results are relevant to the study of CME and membrane tension regulation in higher order eukaryotes. Indeed, the molecular machineries for endocytosis, exocytosis and osmotic response are highly conserved between fission yeast and other eukaryotes. In addition, regulation of membrane tension and CME are particularly critical during cell polarization 33 , during neuron development and shape changes 34 and at synapses where large pools of membranes are added and retrieved on a very fast time scale 35, 36 .
Materials and Methods
Yeast strains and media
The S. pombe strains used in this study are listed in Supplemental Table S1 . Yeast cells were grown in YE5S (Yeast Extract supplemented with 0.225 g/L of uracil, lysine, histidine, adenine and leucine), which was supplemented with 0 to 1.2 M DSorbitol, at 32°C in exponential phase for about 18 hours. Cells were washed twice and resuspended in filtered EMM5S (Edinburgh Minimum media supplemented with 0.225 g/L of uracil, lysine, histidine, adenine and leucine), which was supplemented with the same concentration of D-Sorbitol, at least 10 minutes before imaging so they can adapt and reach steady state.
Protoplasts preparation
S. pombe cells were grown in YE5S at 32°C in exponential phase for about 18 hours. 10 mL of cells were harvested and washed two times with SCS buffer (20 mM citrate buffer, 1 M D-Sorbitol, pH=5.8), and resuspended in SCS supplemented with 0.1 g/mL Lallzyme (Lallemand, Montreal, Canada) 28 . Cells were incubated with gentle shaking for 10 minutes at 37°C in the dark. The resulting protoplasts were gently washed twice in EMM5S with 0.25 to 1.2 M D-Sorbitol, spun down for 3 minutes at 0.4 rcf between washes, and resuspended in EMM5S buffer supplemented with 0.25 to 1.2 M D-Sorbitol at least 10 minutes before imaging so they can adapt and reach steady state.
Microscopy
Microscopy was performed using a spinning disk confocal microscope, built on a TiE inverted microscope (Nikon, Tokyo, Japan), equipped with a CSU-W1 spinning head (Yokogawa Electric Corporation, Tokyo, Japan), a 100X/1.45NA Phase objective, an iXon Ultra888 EMCCD camera (Andor, Belfast, UK), and the NISElements software v. 4.30.02 (Nikon, Tokyo, Japan) on. The full system was switched on at least 45 minutes prior to any experiments to stabilize the laser power and the room temperature. Cells were loaded into commercially available microfluidics chambers for haploid yeast cells (Y04C-02-5PK, Millipore-Sigma, Saint-Louis, USA) for the CellASIC ONIX2 microfluidics system (Millipore-Sigma, Saint-Louis, USA). Each field of view was imaged for 60 seconds, and each second a stack of 6 z-slices separated by 0.5 µm was imaged. The microscope was focused such that the part of the cell closest to the coverslip was captured.
Acute hypotonic shocks
Walled cells or protoplasts were first imaged in their steady state media (EMM5S supplemented with 0 to 1.2 M D-Sorbitol). The steady state media was exchanged with media supplemented with a lower D-Sorbitol concentration (the concentration difference is noted ΔP), with inlet pressure of 5 psi. This hypotonic shock media was labelled with 6.7 µg/mL of sulforhodamine B (MP Biomedicals LLC, Santa Ana, USA), a red cell-impermeable dye that allowed us to a) monitor the full exchange of the solution in the microfluidic chamber prior to image acquisition, and b) monitor the plasma membrane integrity of the cells after the shock. In each condition, the first movie was started when the sulforhodamine B dye was visible in the field of view. For clarity, this time point is labelled t=0 min in all our figures, but note that we estimate it may vary by up to ~30 seconds between movies and conditions. We imaged cells by taking one stack of 6 Z-slices per second for 60 seconds. After the end of each movie, we rapidly changed field of view and restarted acquisition one minute after the end of the previous movie, so that movies started every 2 minutes after the acute hypotonic shock. Tracks from cells that contained red fluorescence from the sulforhodamine B dye were excluded from the analysis, because this indicated that cell membrane had been damaged.
Measurement of the temporal evolution of the number of proteins and speed
Movies were processed and analyzed using an updated version of the PatchTrackingTools toolset for the Fiji 37 distribution of ImageJ 18, 38 . This new version includes automatic patch tracking capabilities based on the Trackmate library 39 , and is available on the Berro lab website: http://campuspress.yale.edu/berrolab/ publications/software/. Prior to any quantitative measurements, we corrected our movies for uneven illumination and camera noise. The uneven illumination was measured by imaging a solution of Alexa 488 dye and the camera noise was measured by imaging a field of view with 0% laser power. We tracked Fim1-mEGFP spots with a circular 7-pixel diameter region of interest (ROI), and measured the temporal evolution of the fluorescence intensities and the position of the centers of mass. The spot intensity was corrected for cytoplasmic background using a 9-pixel median filter, and was then corrected for photobleaching. The photobleaching rate was estimated by fitting a single exponential to the temporal evolution of the intensity of cytoplasmic ROIs void of any identifiable spots of fluorescence 18 . Only tracks longer than 5 s and displaying an increase followed by a decrease in intensity were kept for the analysis. Individual tracks were aligned and averaged with the temporal super-resolution algorithm from 18 , and post-processed using custom scripts in Matlab R2016a (Mathworks). To control and calibrate the intensity of our measurements, we imaged wild-type walled cell expressing Fim1p-mEGP each imaging day. Intensities were converted into number of molecules with a calibration factor such that the peak intensity of our control strain corresponded to 830 molecules 19 .
Measurement of the density of CME events
We used the S. Pombe profiling tools for ImageJ 18 to measure the number of endocytic events at a given time in each cell. In brief, on a sum-projected z-stack, we manually outlined individual cells, and, for each position along the long axis of a cell, we measured the sum of fluorescence orthogonal to the long axis. We corrected the intensity profile in each cell for its cytoplasmic intensity and media fluorescence outside the cell. We estimated the number of patches in each cell by dividing the corrected fluorescence signal with the temporal average of the fluorescence intensity of one endocytic event. We calculated the linear density of endocytic events as the ratio between the number of endocytic events in a cell and its length.
Measurement of eisosomes' density on the plasma membrane
We imaged full cells expressing Pil1p-mEGFP by taking stacks of 0.5-µm spaced Z-slices. We corrected these Z-stacks for uneven illumination and manually outlined individual cells to determine the surface area of each cell. To determine the total amount of eisosome-bound Pil1p-mEGFP we subtracted the cytosolic intensity of Pil1-mEGFP using a pre-determined threshold and summed all the Z-slices. We measured the mean membrane intensity of each cell on the thresholded sumprojection image. The eisosome density was determined by dividing this mean intensity by the surface area of each protoplast.
Measurement of membrane tension
Protoplasts were loaded in a custom-built chamber which was passivated with 0.2 mg/mL β-casein (Millipore-Sigma, Saint-Louis, USA) for 30 minutes and preequilibrated with EMM5S supplemented with 0.8 M D-Sorbitol. A glass micropipette (#1B100-4, World Precision Instruments, Sarasota, USA) was forged to a diameter smaller than the average protoplast radius (~2.5 µm), and was connected to a water reservoir of adjustable height to apply a defined aspiration pressure. Before and after each experiment the height of the water reservoir was adjusted to set the aspiration pressure to 0. Cells were imaged with a bright field IX-71 inverted microscope (Olympus, Tokyo, Japan) equipped with a 60X/1.4NA objective, and images were recorded every second. Aspiration pressure was gradually increased every 30 s and the membrane tension was calculated as = ∆ . /[2(1 − / )], where and are respectively the micropipette and the cell radius, ∆ is the aspiration pressure for which the length of the tongue of the protoplast in the micropipette is equal to 40 . To limit the effects of the adaptation of cells' membrane tension, all measurements were performed within the first five minutes after the hypotonic shock, which greatly limited the throughput of our assay (1 measurement per sample), compared to the measurements at steady state (around 6 measurements per sample). 
